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SPACE ORBITING LIGHT AUGMENTATION
REFLECTOR ENERGY SYSTEM
(SOLARES)

OVERVIEW
e REASONS FOR STUDY
e HISTORY OF SPACE MIRRORS
* SYNOPTIC EXAMINATION OF THE SPACE-TERRESTRIAL SYSTEM

e TECHNOLOGY CHALLENGES AND POSSIBLE PAYOFFS
MIRRORS
ORBITS
GROUND STATIONS
REPRESENTATIVE ECONOMICS
INCREMENTAL IMPLEMENTATION
MULTIPLE/SIMULTANEOUS USE
ENVIRONMENTAL IMPACT

* AREAS OF FUTURE STUDY
e ACTION OPTIONS






SOLARES
- CONCLUSIONS -

A COST EFFECTIVE ALTERNATIVE TO SPS AND CONVENTIONAL
POWER SOURCES

COULD ABATE WORLD'S FOSSIL FUEL USAGE BY SUPPLYING ALL
ELECTRIC POWER

REQUIRES LARGE INPUT CAPITAL BUT INCREMENTAL
DEVELOPMENT POSSIBLE

MAJOR COST ASSOCIATED WITH GROUND FACILITY - NOT SPACE
SIGNIFICANT, SIMULTANEOUS NON-POWER APPLICATIONS EXIST

CRITICAL ISSUES ARE: CONTROL, MIRROR FIGURE , MICRO
WEATHER CHANGES

NUMEROUS OPTIONS AND DEVELOPMENT PATHS NECESSITATE
IN-DEPTH STUDY






SPACE MIRRORS - HISTORY

|. HERMANN OBERTH
1929 - "WEGE ZUR RAUMSCHIFFAHRT’, 1957 - ‘'MAN INTO SPACE’
DISCUSSES:
GENERAL SPACE MIRROR CONCEPT

SPACE FABRICATION - SPACE POWER STATION, MINING MOON
AND ASTEROIDS

APPLICATIONS: ILLUMINATION, WEATHER AND FOOD GROWTH
MODIFICATION, MILITARY

Il. KRAFT A. EHRICKE
1975 - 'SPACE PRODUCTIVITY, NEW OPTIONS FOR THE FUTURE’

DISCUSSES: |
LUNETTA - ILLUMINATION, I=Ig/4x104 ]

| LOW ORBITS,
PSPE SOLLETA - PHOTOSYNTHESIS AND INTERMITTENT
ILLUMINATION, I=lg/5 )

SOLLETA - POWER GENERATION, GEO, 1=~(0.5-0.75)Ig, CONTINUOUS
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SOLARES
NEW CONCEPTS STRESSED IN THIS STUDY

e THE KEY IMPACT THAT A SPACE SYSTEM WHICH PROVIDES
CONCENTRATED AND CONTINUOUS INSOLATION CAN MAKE ON
THE ECONOMIC VIABILITY OF SOLAR ENERGY CONVERSION

 THE INCORPORATION OF RECENT ADVANCES MADE IN LOW
AREAL DENSITY, LARGE SPACE STRUCTURES

e THE EXTENSIVE USE OF RADIATION PRESSURE FOR
TRANSPORTATION AND POSSIBLE USE FOR MIRROR CONTROL
AND NEW ORBITS
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SOLARES
MINIMUM GROUND SPOT RELATION

a 1.56x108 km -

1.39x105 km
1.5%108 km

=9.3 m rad.

35,800 km 10,000km 4000km 1000km Dncosé+ha

O o

RELATIVE SPOT SIZES
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SOLARES |
SATELLITE MIRROR CONCEPT
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SOLARES
RELAY MIRROR CONCEPT
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ENERGY STORAGE
FLYWHEEL

SOLARES
SCHEMATIC OF A CLUSTER MIRROR

O)

\Am/

[ N

AP mass-6000kg/km?
AN -\ souar INCIDENCE _
/\\ / / / / / A7W ~1.4GW/km
/\ / RN
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SOLARES
IMPACT ON ECONOMICS OF SOLAR ENERGY PRODUCTION

CAPITAL INVESTMENT A $ v Cl D
- —2= — -+
RATED POWER W/ P Mad_; +K)+RD
.
2.0 ($/AREA)
> 7pLanT =TT,
WITH SPACE
MIRRORS
POWER CONDITION. 1—=61

2K ($/kW) ‘ Kstorage =~ 0

D—1

1
8.7167 D

CI RECOVERY AND PROFIT: 5 =41

kwh ~ [\ P

r .
T-T.l COST OF ENERGY E._m”:n_v R+ Koy







SOLARES

'IMPACT OF ORBITING MIRRORS ON SOLAR ENERGY FIELD
Il. COST REDUCTIONS

ECONOMIC LEVER

TYPICAL VALUE

VALUE WITH MIRRORS
(Tr =14 kW/m?, CONT.)

IMPROVEMENT FACTOR,
POSSIBLE COST REDUCTION,
AND OTHER BENEFITS

INSOLATION 0.26 166 6

T (kW/m2) (US. MAXIMUM) . EASES DEMANDS ON 0., 7

ENERGY STORAGE Cl Cl

(in ZK;), $/kW VS:V ~0 VSAL

DUTY FACTOR 1/6 NO STORAGE J c

0<D<I 172 STORAGE ﬂ oJ REDUCTION OF

POWER DEMAND CAN MATCH

VALUE ﬁ \Mmc Msmﬂ%; ~1/3 1-3 OUTPUT TO PEAK

1/3<Pp <1 S. LOAD DEMAND
CONCLUDE:

OM'S WILL MAKE SOLAR ENERGY AN ECONOMIC REALITY

IF (C/E) gppce REASONABLE.
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SOLARES
IMPACT OF ORBITING MIRRORS ON SOLAR ENERGY FIELD
l1l. REPRESENTATIVE COSTS

RD=0 ro v
ALL-CASE VALUES | npiant=TImi=076mpy ool R
ASSUMED Ken. sTOR. = $230/KW v. o
Kom= 4 mills/kWH (V=
PHOTOVOLTAIC Mev | OMAT. | O INST. 1 D C/E
SYSTEM (%) | ($/m2)| ($/m2) (kKW/m2) (mills/kWH)
SOLAR | ERDA PHOTOVOLTAICS
POAL | oo eencn AR s | s | 425, | 026 | 05 | 835
(FIXED, TILTED ARRAY)
TYPICAL | CdS HETEROJUNCTION
Soian by | Bv LA AaRAY] 78 | 258 | 225, 0.26 05 | 705,
SOLAR PV | CdS HETEROJUNCTION
WITH PV (FLAT ARRAY, 78 | 258 | 225, 1.66 ] 744
ORBITING | CONTIN. INSOL) |
MIRRORS I RBITING MIRROR 5.4 124336
COSTS (INDEPENDENT 1980 SHI ISTS)
OF D) 85.7) | 150 | g5 140 D | 10747
1992 HLLV) HLLV)
TOTAL SYSTEM COSTS 8.6-10.8
(STS)
8.5-9.1
HLLV)







SOLARES

MIRROR CONSIDERATIONS AND CONCLUSIONS

* LARGE AREAS
NEEDED

e STRUCTURE

* ENVIRONMENTAL
EFFECTS

e CONTROL

 TRANSPORTATION

—FACETS, FREE FLYERS (<4km?2), SATELLITE ARRAYS
—POSSIBLE REDUCTION WITH RELAY

—SOLAR SAIL TECHNOLOGY
~103A METAL OVERCOATED PLASTIC
o <6 gm/m?

—GRAVITY GRADIENT AND CENTRIFUGAL FORCES
TEMPERATURE STRESSES
DURABILITY (EVAPORATIVE FIX)
VAN ALLEN BELTS (?)
ATMOSPHERIC DRAG

—NEED <250xrad POINTING
—RADIATION PRESSURE ASSIST

—SOLAR SAIL FROM LEO(~800km) TO FINAL ORBIT
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SOLARES
ORBITS EXAMINED

SUN - SYNCHRONOUS ORBIT

(i=101.4°, h=1400 km) GEOSTATIONARY ORBIT
\ (i=0° h= 35,800 km)

EQUATORIAL ORBIT
(i=0° h=2000 km)

INCLINED ORBIT
(i=40° h=4000 km AND
2000 AND 10,000 km)
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SOLARES |
SEQUENCED RENDEZVOUS ORBITS

C__

A M to, 4 o __
0 ® \N\vﬁ /////
v N\ //

EQUATOR 7~ \
Lo L1y \

J/ P
\ \\ \\
/ P \\\
/\O -

M, M,
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SOLARES
SUCCESSIVE MIRROR PASSES

e 3 hr PERIOD
* 4185 km ALTITUDE
e 45° INCLINATION

VIEWING CONE (8y=30°)
GROUND STATION

| 45N

{ °

45°S

180° 0° 180°






SOLARES

COMPARISON OF REFLECTOR POWER SYSTEM CHARACTERISTICS
CAPITAL COSTS™,

SBILLIONS
ORBIT MIRROR GROUND BUS EACH GROUND N
CLUSTERS STATIONS POWER STATION CLUSTERS

= — —_ oo o3 —
S |E |g 8= |sE 22|88 |8z2|° |&g
ct | 29| .. | 25|83 ES|5<|EE S.|EZ
=£ | 22|22 |25 | %22 | 22| =5 || 28| ==
2000 40 b4 220 370 24 48 24 14 30
4000 40 27 830 1300 11 185 88 h2 56
10,000 40 9 7300 6800 5 1170 520 285 165
35,800 0 1 158,000 87,000 1 16,250 7100 3750 395
2000 0 ] 500 300 ] 46 21 12 8.6
1400 | 10143 19 265 355 2 41 21 135 12.6

*DDT&E AMOUNTS TO AN ADDITIONAL $20B.
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SOLARES
ALTITUDE SCALING LAWS FOR INCLINED ORBITS
AND FULL USE

TOTAL MIRROR AREA )

TOTAL GROUND STATION AREA SCALE ALMOST DIRECTLY
TOTAL SYSTEM BUS POWER [ WITH ALTITUDE

TOTAL CAPITAL INVESTMENT J

HIGHER ALTITUDES GIVE LESS TEMPORAL AND SPATIAL VARIATION OF
INSOLATION
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SOLARES |
SPACE MIRROR POWER SYSTEM CHARACTERISTICS ~1990
FOR A 4000 km, 40° ORBIT AND PHOTOVOLTAIC GROUND STATION

G GROUND STATION

,\oo 11 CAN BE USED

&0 EACH 1300 km?
0

SATELLITE
MIRROR ARRAY
EACH 830 km2 27 REQUIRED

POWER OUTPUT
185 GWe EACH

ONE TRANSPORTATION .
TRANS-  GROUND
R&D MIRRORS  PORTATION STATION 1 GROUND STATION 0&M
: +0 16 52 15% |
mm|wwxz MIRRORS GROUND STATION
Loap | 1(0&M 16.5 mills/kWh

TRANSPORTATION

= 30 YR MIRRORS R&D
, LIFE 0&M
M 11 GROUND STATIONS
CAPITAL _z<mm_w_«_umw: IN BILLIONS GROUND STATIONS
9.4 mills/kWh

U
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SOLARES

ORBITING REFLECTOR SYSTEM COST BREAKDOWN

e 4000km ALTITUDE

SOLAR THERMAL CONVERSION

* 40° INCLINATION

22.9 Mills/kWh 15.5 Mills/kWh 12.1 Mills/kWh
TRANSPORTATION TRANSPORTATION TRANSPORTATION
MIRRORS DDT & E MIRRORS DDT & E MIRRORS DDT & E
0&M O&M O&M
GROUND STATION GROUND STATIONS GROUND STATIONS
CdS-Cu,S PHOTOVOLTAIC CONVERSION
18.1 Mills/kWh 10.7 Mills/kWh 6.6 Mills/kWh
TRANSPORTATION ~DDT & E TRANSPORTATION TRANSPORTATION
MIRRORS DDT & E DDT & E 0&M
0&M 0&M
MIRRORS MIRRORS

GROUND STATION

GROUND STATIONS

GROUND STATIONS

SINGLE STATION

ELEVEN STATIONS

ELEVEN STATIONS
FIVE SOLAR CONSTANTS
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SOLARES
ELECTRIC PLANT CAPITAL COSTS (1976 DOLLARS)

5.78
4r A
3 |- -
= 2|
._ |
T " | I M
i |
| | } 1 1 ]
COAL GAS 0IL  NUCLEAR| MIRRORS | SPS
h=4000 km
= 40°
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mills/kWh

140
120
100
80
60
40

20

SOLARES
ELECTRICAL ENERGY BUSBAR COST (1976 DOLLARS)

I 1

1 1 1

H ]

GAS

oiL COAL  NUCLEAR I[ORBITING

REFLECTOR

_
_
_
_
|
_
|
_
|
_
_
_
R |
_
_
|

CONVENTIONAL <~——

WIND

GROUND GROUND
THERMAL SOLAR
SOLAR  PHOTO-

VOLTAIC

ADVANCED

OCEAN
THERMAL

SPS
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SOLARES
INCREASE EFFECTIVE POWER THROUGH

REDUCED TRANSPORT COSTS

o LONGER LIFE,
HIGHER LOAD SHUTTLE

1000 - e REDUCED OPERATIONS COST
SHUTTLE/oms  © MPROVED PROPULSION SYSTEMS
750 - e SSTO OR HLLV DEVELOPMENT
500 -

SHUTTLE 11/TUG

$/kg TO 800 km

250 - HLLV/STUG

O ] ] |
1980 1985 1990 1995
YEAR
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9
m2

AREAL DENSITY

SOLARES

INCREASE EFFECTIVE POWER WITH
IMPROVED REFLECTORS

10 30
20
5 | /7
SOLAR SAIL

/ TARGET 110

/
0 | | 0
1980 1985 1990 1995

YEAR

LIFETIME YEARS

LIGHTER WEIGHT
LONGER LIFE

LOWER CONSTRUCTION
COSTS

HIGHER REFLECTANCE
MORE PRECISE CONTROL

DEVELOP RELAY
TECHNIQUE
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$/We

1.60

1.20

90

.60

.30
0

SOLARES _
INCREASE EFFECTIVE POWER WITH
OPTIMIZED GROUND STATIONS

e CONTINUOUS DUTY
o INCREASED SCALE
e IMPROVED CONVERSION

] [CONY. SYSTEM EFFICIENCY

- | PHOTOVOLTAIC e INCREASED INSOLATION
CONVERSION o WASTE HEAT UTILIZATION

-4 e NOVEL CONVERSION DEVICES

/ CdS PHOTOVOLTAIC

I ] ]
1980 1985 1990 1995

YEAR



*9TqBUOSEII
ST UMOYS ©93BUTIISd SG6T oYl SdS 03 SATIBISX WO3SAS I03D9TFax 9Yy3 Jo A3Txa1dwmod I9SS9T
9Yy3} JO osnedag "UIBJIIDUN 8IB S$3IS0D WO odeds ‘A1jusssxrg ‘siueld Ie[0S TBUOTIUSAUOD

UT UOT3BTOSUT 98eIoA®R ISYITY pPUB Snonuijuod Jo uoljejusweldut oYyl puslle sz03 1Byl
sjuswaAoxduT 9soyl UOo poseq ST WHO JO 3usuodwod punoid oYJ °3s0D A319ue snq [e103 JY3

Jo uoT3oeay 931wl B ostidwod 03 pojzdadxs ade ‘wisel Iaylany oYyl ur ArxeIndrixed ‘WR0

SLS0D FONVNHINIVA (NV NOILVYddO



SOLARES |
INCREASE EFFECTIVE POWER WITH REDUCED SYSTEM
OPERATION AND MAINTENANCE COSTS

e LONGER LIFE MATERIALS

o CONTINUOUS DUTY CYCLE

* HIGHER INSOLATION

* IMPROVED SPACE OPERATIONS

CONVENTIONAL SOLAR
PHOTO VOLTAIC PLANT

4K
e __—SPS
== TOTALO & M
S~ T SPACE 0 & M

]
1980 1985 1990 1995
YEAR
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ENERGY COST mills/kWh

SOLARES
TECHNOLOGY DRIVEN COMPONENT COSTS

1000

100 ff

10| .
L0 TOTAL
I
~—_  REFLECTOR | ~
>~ _ __{ TRANSPORTATION
|
D ] | | | |
1980 1985 1990 1995
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ENERGY COST mills/kWh

SOLARES

TECHNOLOGY DRIVEN COMPONENT COSTS

100 f

\mwm ENERGY COSTS

ﬁ, i i il b T
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TR i et e [ X ,
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T TOTAL
=~______GROUND STATION I
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SOLARES
SPACE REFLECTOR POWER SYSTEM DDT & E COSTS
1977 DOLLARS

25 TOTAL CUMULATIVE
TOTALU$16B

20 POWER SYSTEM

CONST./MAINT.
15 | FACILITIES

$ BILLIONS/YR

HLLV

SHUTTLE 1l

0 | _ _

1980 1985 1990 1995
YEAR
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SOLARES
INCREMENTAL IMPLEMENTATION APPROACH

SOLAR SAIL ARRAY PROVIDING

WORLD NEEDS

FULL MIRROR SYSTEM
ONE LARGE GROUND
STATION PROVIDING
PEAK LOAD SYSTEM SIGNIFICANT FRACTION
ONE SATELLITE OF U.S. POWER NEEDS
FOCUSSING ARRAY

PLUS SMALL GROUND

STATIONS

DISTRIBUTED MIRRORS
LOW LEVEL ILLUMINATION
OR INPUT TO

AGRARIAN NEEDS

SINGLE MIRROR, LOW
ORBIT PROOF-OF-CONCEPT
TESTS i
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_. SOLARES
U.S. ELECTRICAL ENERGY REQUIREMENTS
AND ORBITING REFLECTOR IMPACT

(g%
|
~

_ SOLARES /
%95:/\
/

I

ELECTRICAL POWER, TW
N
|

O | hl\ﬂ— _ | J
1980 2000 2020
YEAR
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SOLARES APPLICATION
e MULTIPLE USE

H, HYDRO- e SIMULTANEOUS USE ~ DESALINATION
PRODUCTION STORAGE e INCREMENTAL
A A
—— _uomm_w__._._._mm TR0 DRYING
USE

!

PHOTOVOLTAIC

EXTEND FOOD GROWTH
-SEASON AND YIELD

"SOLAR POND NON
OCEAN THERMAL _zzc%w_%__%r INDUSTRIAL
WIND NATIONS WATER PUMPING
ELECTRIC (IRRIGATION)

POWER GENERATION

ALL NATIONS

FERTILIZER PRODUCTION

REJECT
BIO-MASS
HEAT CONVERSION

FREEING FROZEN
NAVIGATIONAL

WATER HEATING WATERWAYS
HEATING/COCLING BULDINGS

INDUSTRIAL PROCESS HEAT

ARTIFICIAL WEATHER
ILLUMINATION IMPROVEMENT
(DISASTER) (RAIN, HEAT)







SOLARES
ENVIRONMENTAL IMPACT

| POSITIVE
. o CONSERVE FOSSIL FUELS FOR
NON-ELECTRICAL NEEDS DECREASE CHEMICAL
POLLUTION DUE TO
e USE ELECTRICITY FOR NEW USES wcwz_zm OF FOSSIL _ncm_.m

- NOW ONLY PROVIDED BY FOSSIL FUELS
e POSSIBLE WEATHER IMPROVEMENT

NEGATIVE (7)
e NEW SOLAR HEAT INPUT (CONCENTRATION EFFECTS)
_ e DISTURBANCES TO ‘-SPHERES" (NEEDS STUDY)
_. e ATMOSPHERIC PHOTOCHEMISTRY (NEEDS STUDY)
* LAND USAGE (INVESTMENT TO FUTURE LAND nozmmm<>jo23
e CONTINUOUS INSULATION (SCANDINAVIANS o_A BUT >w.—mozo_<_mwm3






SOLARES
AREAS OF FUTURE STUDY

MIRRORS - MATERIALS - - STRUCTURE -
FIGURE*, OPTIMUM SUBSTRATE, POINTING AND TRACKING CONTROL*,
POSSIBLE REFLECTIVITY, LIFETIME, ANGULAR MOMENTUM TRANSFER,
GRAVITY GRADIENT/THERMAL/ OPTIMIZED OPTICAL, RAPID DEPLOYMENT,
VAN ALLEN BELT/AND OTHER EFFECTS. SPACE MANUFACTURE, OSCILLATIONS.

- OPTICAL INNOVATION -
RELAY OPTICS*, SYSTEM TO REDUCE SPOT SIZE, GLINT ELIMINATION.

ORBITS - RADIATION PRESSURE - *SCALING LAWS -
SOLAR SAILING OPTIONS*/REQUIREMENTS. ECONOMIC AND TECHNICAL.
- OPTIMIZATION - - INCREMENTAL -

END USE: A, NUMBER OF SPACING OF GROUND SITES.  ORBIT TRANSFER POSSIBILITIES/OPTIMIZATION.
- STATION KEEPING - iMPACT ON DUTY CYCLE.

GROUND - FIND SOLAR CONVERSION TECHNIQUE » SYNERGISTIC EFFECTS ON EXISTING SOLAR
STATIONS OPTIMIZED FOR ORBITING MIRROR SYSTEM* SCHEMES.
(USE) - MILITARY VULNERABILITY SOLUTIONS - SITE LOCATIONS - CLOUD MINIMIZATION,
(ENERGY STOCKPILE). POLITICS.
» MASS PRODBUCTION ADVANTAGES. - TERRESTRIAL ENERGY TRANSPORTATION.
ENVIRONMENT - -SPHERE' DISTURBANCES - MICROWEATHER - LAND USE.

STUDIES*, ATMOSPHERIC PHOTOCHEMISTRY,
SCATTERING, TRANSPORTATION

DISTURBANCES, OTHER?

* WASTE ENERGY CONCENTRATION
AT GROUND SITE.

*~CRUCIAL AREA - NEEDS NEAR-TERM ANSWER.  *~oLARGE PAYOFF AREA






SOLARES
ACTION OPTIONS

|. SOLARES
1. IN DEPTH ANALYSIS AND SYSTEM OPTIMIZATION
2. IF FAVORABLE, INITIATE R&D

Il. OTHER SPACE ALTERNATIVES
1. SURVEY, IDENTIFY, BOUND POSSIBLE CANDIDATES
2. IN DEPTH STUDY OF PROMISING CANDIDATES

I1l. FUND SPS, SOLARES, AND OTHERS BASED ON COST-RISK/BENEFIT






